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Black Hole Fundamental Plane in Low-Excitation Radio Galaxies
Shuang-Liang Li1,2 and Minfeng Gu1
ABSTRACT
The radio-X-ray slope in the fundamental plane of radio-loud active galactic
nuclei (AGNs) is found to be steeper compared with that of radio-quiet AGNs in
previous works. In this work, we reinvestigate the fundamental plane in radio-
loud AGNs by compiling a sample of 13 low-excitation radio galaxies (LERG)
from the 3CR radio galaxies, for the reason that the accretion mode in LERG is
believed to be a radiatively inefficient accretion flow. All the sources in our sample
possess the data available at both the 5 GHz core radio luminosity detected by
VLA/VLBI/VLBA and the core X-ray luminosity detected by Chandra/XMM-
Newton. Surprisingly, we find the slope in the fundamental plane (logLR =
0.52 logLX+0.84 logMBH+10.84) of LERG is well consistent with that reported
by Merloni et al. (2003). However, the normalization is found to be shifted by
about 0.7 dex, which can be due to the difference on magnetic field strength in
different objects. A shallower slope of LR−LX relation (LR ∼ L
0.63
X ) is also given
by our sample, which demonstrates that the X-ray emission in LERG may come
from accretion disc instead of jets as suggested by previous works.
Subject headings: accretion, accretion disks − black hole physics − galaxies:
active − methods: statistical
1. INTRODUCTION
Accretion process is generally accepted to be the central engine of black hole astrophys-
ical systems (Frank et al. 2002), e.g., black hole X-ray binaries (BHBs) and AGNs. In black
hole systems with relativistic jets, a tight correlation between the X-ray and radio emissions
(LR ∝ L
0.7
X ) was reported by numerous works (e.g., Corbel et al. 2003; Gallo et al. 2003;
Merloni et al. 2003; Falcke et al. 2004), where the X-ray and radio emissions are believed to
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come from accretion disc and jet, respectively. Coupled with black hole mass, a so-called
fundamental plane (logLR = 0.6logLX+0.78logMBH+7.33) was developed by Merloni et al.
(2003, hereinafter, M03) to manifest the activity of black hole and further explored by lots
of following works (e.g., Falcke et al. 2004; Merloni et al. 2006; Li et al. 2008; Dong & Wu
2015; Nisbet & Best 2016).
While the fundamental plane is prevailing in recent years, there are still some noises
remaining controversial. At first, the secular quasi-simultaneous observations on radio and
X-ray fluxs in BHBs illustrated that their evolution can deviate obviously from the original
M03 fundamental plane, which are known as ’outliers’ (Xue & Cui 2007; Coriat et al. 2011;
Corbel et al. 2013). These outlier tracks possess a much steeper slope (LR ∝ L
1.4
X , see, e.g.,
Coriat et al. 2011) compared with the original fundamental plane in radio-X-ray plane. The
different radio-X-ray slopes may be originated from different accretion mode (the slopes of
0.7 and 1.4 correspond to radiatively inefficient and radiatively efficient accretion flows, re-
spectively, Coriat et al. 2011; Cao et al. 2014), or from the change of viscosity parameter α
in a hot accretion flow (Xie & Yuan 2016). Secondly, it has long been suggested that the
X-ray emission will be dominated by jet in the quiescent state of BHBs when the X-ray lumi-
nosity decrease to a critical value (Lx,crit/LEdd ∼ 10
−6, see Fender et al. 2003; Yuan & Cui
2005), resulting in a much steeper radio-X-ray slope (e.g., Wu et al. 2007; Plotkin et al.
2013; Reynolds et al. 2014). However, there are some works claiming that, even in quiescent
state, the radio-X-ray correlation is still complied with the original M03 fundamental plane
(Gallo et al. 2014; Dong & Wu 2015, but also see Xie & Yuan 2017). The last point, which
is also the focus of this work, is the slope between radio and X-ray in radio-loud AGNs
seems appear to be much steeper too compared with the radio-quiet AGNs (Wang et al.
2006; Li et al. 2008; de Gasperin et al. 2011), possibly due to the domination of strong jet
emissions on radio and/or X-ray bands.
Radio galaxies (RG) can be divided into two classes according to the large-scale jet mor-
phology traditionally, i.e., edge-darkened FRI and edge-brightened FRII (Fanaroff & Riley
1974). The difference between FRI and FRII can be originated from the interaction of jets
with different power and their ambient mediums (Bicknell 1995; Tchekhovskoy & Bromberg
2016), and FRII usually possess higher jet power than FRI. Another important classification
of RG is based on their optical spectroscopic information, where the RG with weak and
strong emission lines are classified as LERG and high-excitation RG (HERG), respectively
(e.g., Hine & Longair 1974; Hardcastle et al. 2009). HERG tend to have higher radio lu-
minosity, similar with FRII. However, there isn’t an one-to-one match between these two
classifications. Both FRI and FRII can comprise LERG and HERG (e.g., see Lubow et al.
1994). From the observations of LERG, a radiatively inefficient accretion flow (RIAF) should
be present due to their lack of AGN symbols, such as corona and torus, while HERG are
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believed to be powered by a radiatively efficient cold accretion disk (Hardcastle et al. 2007).
Similarly, low-luminosity AGNs are also found to be different in various aspects with bright
AGNs (see, e.g., Ho 2008; Gu & Cao 2009; Sobolewska et al. 2011; Xu 2011; Li & Xie 2017).
Therefore, we can naturally anticipate that the original M03 fundamental plane will change
for HERG because of the transition of accretion mode. As a result, in order to investigate the
radio-X-ray slope in radio-loud AGNs, we must discriminate LERG and HERG at first. We
notice that in some previous works where a steeper slope was reported, the authors didn’t
distinguish LERG and HERG from radio-loud AGNs (e.g., Li et al. 2008). In this work, we
reinvestigate the fundamental plane of radio-loud AGNs by constructing a sample satisfying
the following conditions: 1), since the accretion modes of LERG and HERG are different, all
the sources in the sample should be LERG in order to ensure the accretion flow is RIAF. 2),
radio emission mainly comes from jet in radio-loud AGNs, where both the core and lobe can
play important roles. To avoid the influence of surrounding mediums, we adopt the source
being core dominated only.
2. The Sample of LERG
RG can be divided into LERG and HERG according to their optical spectroscopic prop-
erties. Lubow et al. (1994) suggested that the RG with [OIII]/Hα > 0.2 and an equivalent
width of [OIII] > 0.3 are HERG, while the LERG possess weak [OIII] lines. Following this ad-
vice, Buttiglione et al. (2009, 2010) developed an excitation index (EI) as new spectroscopic
indicator to discriminate LERG and HERG, where EI = log(OIII/Hβ)− 1/3[log(NII/Hα)+
log(SII/Hα) + log(OI/Hα)] < 0.95 for LERG.
Our parent sample is the 113 3CR radio sources with redshift z < 0.3, in which all
the emission lines mentioned above are detected in 83 sources (Buttiglione et al. 2009). We
first exclude the 43 HERG with EI > 0.95 because their accretion flows may be radiatively
efficient, leading to 40 LERG. Radio flux in radio-loud AGNs is dominated by the syn-
chrotron emission of jet based on the truncated disc-jet model (see Yuan & Narayan 2014
for a review), which has been successfully applied to the M03 fundamental plane. In order
to prevent the contamination of lobe, only the sources with radio core emissions detected by
VLBA/VLBE/VLA are included in this work. For X-ray, we adopt the sources with X-ray
core flux detected by Chandra/XMM-Newton only to maintain the high precision. At last,
we get 13 LERG with the core radio and X-ray emissions satisfied the requirement above
(see table 1).
All the data of Cols (1), (2), (3), (4) and (8) are directly taken from Hu et al. (2016)
except for 3C 442. We get the black hole mass of 3C 442 from Dong & Wu (2015) and
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calculate its Eddington ratio of ionizing luminosity accordingly. The black hole mass of 3CR
radio sources in Hu et al. (2016) is derived with theMbh−Lbul correlation (Marconi & Hunt
2003), where Lbul is gotten from Buttiglione et al. (2010). Utilizing the data of emission
lines from Buttiglione et al. (2009), the excitation index EI can also be estimated (Hu et al.
2016). We gathered the core radio luminosity LR at 5 GHz in Col (5) from NED
1. For sources
without direct observations at 5 GHz (labelled with an asterisk), the luminosity at 5 GHz is
derived from the neighbouring frequencies with a spectral index αr ∼ 0 for low-luminosity
AGNs (see, e.g., Ulvestad & Ho 2001 and Ho 2008). The nuclear X-ray luminosity Lx,2−10keV
are also derived from NED, with photon index Γ listed in table 1. We adopt the data from
Chandra/XMM-Newton only to get the high precision.
3. Fitting Method and Result
Following M03, we consider the linear relation below to reinvestigate the fundamental
plane in radio-loud AGNs,
logLR = ξX logLX + ξM logMBH + c, (1)
where LR and LX are the radio luminosity at 5 GHz and the 2-10 keV X-ray luminosity,
respectively. A least χ2 method is adopted to fit the multivariate relation coefficients as in
M03, which minimizes the following statistic,
χ2 =
∑ (logLR − ξX logLX − ξM logMBH − c)2
σ2
R
+ ξ2
X
σ2
X
+ ξ2
M
σ2
M
, (2)
where we adopt the uncertainties σR = 0.2, σX = 0.3, and σM = 0.4 according to the typi-
cal variations in AGN observations as in Dong & Wu (2015), instead of assuming isotropic
uncertainties as in M03.
In figure 1, we present the fundamental plane for our LERG sample through the least
χ2 method. The best fitting result reads,
logLR = 0.52
+0.16
−0.16 logLX + 0.84
+0.50
−0.50 logMBH + 10.84
+5.95
−5.95, (3)
with an intrinsic scatter of σint = 0.38 dex. We find that the radio-X-ray slope of our
sample is consistent with the original slope (0.6) in M03 quite well. In order to further verify
the fundamental plane of our sample, we plot a figure to investigate their normalization as
1http://ned.ipac.caltech.edu/
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Table 1: The sample of LERG.
Name z EI logMbh logLR Γ logLX log(Lion/LEdd) Reference
a
(1) (2) (3) (4) (5) (6) (7) (8) (9)
3C 31 0.017 0.797 9.1 39.41∗ 1.4 40.74 -4.88 2
3C 66B 0.017 0.746 9.4 39.90 2.4 41.03 -4.63 2
3C 84 0.018 0.738 9.3 40.96 1.6 42.68 -2.96 2
3C 88 0.03 0.588 8.7 40.19 1.11 41.22 -3.87 5
3C 264 0.022 0.313 8.9 39.96 2.4 42.14 -4.94 1
3C 270 0.007 0.048 8.8 39.33 1.09 41.22 -5.15 1
3C 272.1 0.004 0.478 8.6 38.54 2.1 39.65 -5.64 2
3C 274 0.004 0.233 9.0 39.96 2.3 40.64 -5.24 2
3C 317 0.034 0.619 9.3 40.51 2.0 41.49 -4.23 2
3C 338 0.032 0.288 9.4 40.01 2.15 42.37 -5.09 1
3C 371 0.05 0.692 9.0 41.41 1.46 43.38 -3.33 4
3C 442 0.026 0.713 8.4 39.41 1.4 40.51 -4.47 3
3C 465 0.03 0.514 9.5 40.27∗ 2.59 41.37 -4.96 1
Notes: Col.(1): Source name. Col.(2): Redshift z. Col.(3): Excitation index EI. Col.(4):
Black hole mass Mbh. Col.(5): Radio spectral luminosity at 5 GHz, LR, in unit of
erg s−1 Hz−1. Col.(6): Photon index Γ. Col.(7): X-ray spectral luminosity from 2-10 keV,
LX, in unit of erg s
−1 Hz−1. Col.(8): Eddington ratio of ionizing luminosity.
∗: For sources labelled with ∗, their radio flux at 5 GHz are derived based on observations
at neighbouring frequencies.
a: The reference for photon index Γ in our sample: (1) Donato et al. (2004); (2)
Balmaverde et al. (2006); (3) Hardcastle et al. (2007); (4) Sambruna et al. (2007); (5)
Gliozzi et al. (2008).
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Fig. 1.— The fundamental plane of black hole activity in LERG, where the solid line is the
best fit.
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Fig. 2.— The fundamental plane of black hole activity in LERG, where the green line shows
the M03 fundamental plane relation. The red line indicates the movement of red line by 0.7
dex.
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de Gasperin et al. (2011) (Figure 2). It is found that the normalization of our sample is
indeed larger than that in M03 by about 0.7 dex, though this deviation is still within the
range of their error bars. We suggest this movement can be due to the difference on magnetic
field strength (see the last section for further discussion).
Furthermore, we investigate the relationship between LR and LX in our LERG sample
(Figure 3). A linear fit gives,
logLR = (0.63± 0.11) logLX + 13.78± 4.71, (4)
with a strong confidence level larger than 99.9% based on a Pearson test. This result is also
consistent with previous works (Corbel et al. 2003; Gallo et al. 2003; Merloni et al. 2003;
Falcke et al. 2004).
4. Conclusion And Discussion
In this work, we compile a sample of LERG from the 3CR radio galaxies with optical
spectroscopic information (Buttiglione et al. 2009). After excluding the sources with excita-
tion index EI > 0.95, a sample of 13 LERG is found to contain both the data of core radio
luminosity at 5 GHz detected by VLA/VLBI/VLBA and core X-ray luminosity detected by
Chandra/XMM-Newton. Surprisingly, We discover a similar radio-X-ray slope with that of
M03 fundamental plane, which suggests that the low-luminosity radio-loud AGNs (LERG)
still follow the original M03 fundamental plane. We notice that de Gasperin et al. (2011)
had investigate the fundamental plane in a LERG sample either. They discovered a steeper
radio-X-ray slope and advised the X-ray emissions in LERG may be originated from jets,
though their X-ray luminosity LX are larger than Lcrit (see below). The reason for this in-
conformity may be that their sample also comprised some steep spectrum LERG except for
the core dominated flat spectrum LERG.
Furthermore, we find the normalization of our sample is larger than that in M03 by
about 0.7 dex, though this deviation is still within the range of their error bars. The possible
reason for this movement can be the variant magnetic field strength in different objects. If we
consider the parameter β (the ratio of gas pressure to magnetic pressure) isn’t a constant in
different objects, the radio flux from jet can be roughly written as LR ∝ m˙
1.4β−1 (LR ∝ m˙
1.4
when β is constant, see Heinz & Sunyaev 2003). The X-ray flux can be revised as LX ∝ m˙
2βa
(a > 0) for the same way, because the X-ray flux increase when the magnetic field strength
decrease (see Manmoto et al. 1997). Therefore, the revised LR-LX relation can be given as:
logLR ∝ 0.7 logLX − (1 + 0.7a) log β. (5)
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All the objects in our sample are radio-loud, which means higher magnetic field strength and
then smaller β. According to equation (5), we can naturally anticipate a higher normalization
for radio-loud objects. Indeed, the large-scale magnetic field is easy to be magnified in a RIAF
due to their high radial velocity (Lubow et al. 1994; Cao 2011; Li & Begelman 2014) and can
strongly affect the activity of black hole. Except for the obvious augment in radio emission,
the X-ray emission in a RIAF is a complicated function of the magnetic field strength based
on the theoretical research (Narayan & Yi 1994, 1995; Manmoto et al. 1997; Bu et al. 2013,
2016; Sadowski et al. 2015). Furthermore, large-scale magnetic field can change the value of
viscosity parameter α according to the recent magneto hydrodynamical (MHD) simulations
(Bai & Stone 2013; Salvesen et al. 2016), which can further decrease the X-ray emission of
RIAF (e.g., Narayan & Yi 1994; Li & Xie 2017). These points will be explored in future
works.
The slope of LR−LX correlation in LERG is also found to be consistent with other black
hole systems (e.g., Corbel et al. 2003; Gallo et al. 2003; Merloni et al. 2003; Falcke et al.
2004), but much shallower than that found in FRI samples (e.g., Dong & Wu 2015). In
theory, Yuan & Cui (2005) suggested that there is a critical X-ray luminosity (Lcrit =
LX,2−10keV ∼ 10
−6LEdd) to diagnose the origin of X-ray in low-luminosity AGNs. When
LX > Lcrit, the X-ray from accretion disc will exceed that from jet, resulting on a shal-
lower slope between the relation of LX and LR. The Eddington ratio of ionizing luminos-
ity Lion/LEdd in our sample, which is a significant fraction of the bolometric luminosity
(Wandel et al. 1999), is all larger than Lcrit. Therefore, the shallower slope of LX − LR
correlation in Fig. 3 demonstrates that the X-ray emission should come from a RIAF in
LERG. Our results indicate that, considering the core emissions of radio and X-ray, the
radio-loud AGNs still comply with the physics of truncated accretion disc-jet model (e.g.,
Yuan & Narayan 2014), which had been successfully applied in low-luminosity AGNs.
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Fig. 3.— The relationship between the radio luminosity LR and X-ray luminosity LX in
LERG.
